Yamanaka Y, Hashimoto S, Tanahashi Y, Nishide S, Honma S, Honma K. Physical exercise accelerates reentrainment of human sleep-wake cycle but not of plasma melatonin rhythm to 8-h phase-advanced sleep schedule. Am J Physiol Regul Integr Comp Physiol 298: R681-R691, 2010. First published December 30, 2009 doi:10.1152/ajpregu.00345.2009.-Effects of timed physical exercise were examined on the reentrainment of sleep-wake cycle and circadian rhythms to an 8-h phase-advanced sleep schedule. Seventeen male adults spent 12 days in a temporal isolation facility with dim light conditions (Ͻ10 lux). The sleep schedule was phase-advanced by 8 h from their habitual sleep times for 4 days, which was followed by a free-run session for 6 days, during which the subjects were deprived of time cues. During the shift schedule, the exercise group (n ϭ 9) performed physical exercise with a bicycle ergometer in the early and middle waking period for 2 h each. The control group (n ϭ 8) sat on a chair at those times. Their sleep-wake cycles were monitored every day by polysomnography and/or weight sensor equipped with a bed. The circadian rhythm in plasma melatonin was measured on the baseline day before phase shift: on the 4th day of shift schedule and the 5th day of free-run. As a result, the sleep-onset on the first day of free-run in the exercise group was significantly phase-advanced from that in the control and from the baseline. On the other hand, the circadian melatonin rhythm was significantly phase-delayed in the both groups, showing internal desynchronization of the circadian rhythms. The sleep-wake cycle resynchronized to the melatonin rhythm by either phase-advance or phase-delay shifts in the free-run session. These findings indicate that the reentrainment of the sleepwake cycle to a phase-advanced schedule occurs independent of the circadian pacemaker and is accelerated by timed physical exercise.
IT IS WELL KNOWN THAT THE human circadian rhythms are entrained by a light-dark (LD) cycle with bright lights (15) and respond to a bright light pulse in a phase-dependent manner (14, 16, 21) . Timed bright lights were also demonstrated to facilitate the rate of reentrainment of circadian rhythm (17) . On the other hand, nonphotic entrainment of the human circadian system was suggested under constant darkness (2) and in blind persons (19, 27, 28) . However, it is a matter of argument whether or not nonphotic entrainment in the previous studies is really the entrainment to nonphotic time cues or just masking of the day-night alternation or social activities. In this respect, Hashimoto et al. (11) demonstrated that the human rest-activity cycle entrained to an 8-h phase-advanced sleep schedule under dim light conditions (Ͻ10 lux) independent of the circadian pacemaker. The entrainment was not a masking, because the phase of sleep-onset on the first day of free-run session was located around the sleep period of shifted schedule. This is the first demonstration of real partial entrainment in the human circadian system. Furthermore, the study demonstrated that the internally desynchronized rest-activity cycle became resynchronized with the circadian melatonin rhythm with a transient period of several days, which strongly suggests the human rest-activity cycle is regulated by an oscillatory process in the circadian domain. The effect of shift schedule on the restactivity cycle was dependent on the number of days of shift schedule (12) . The latter findings suggest that the entrainment of sleep-wake cycle to nonphotic time cues needs a transient period.
On the other hand, effects of timed physical exercise have been examined on the human circadian rhythms (3, 5, 6, 23, 31, 33) . A single trial of physical exercise was demonstrated to produce a phase-dependent phase shift. Physical exercise at midnight yielded phase-delay shifts (5, 31) , whereas it induced phase-advance shifts when given in the early evening (6) . Timed physical exercise was shown to accelerate the phaseadvance shift of plasma melatonin rhythm when the sleepwake schedule was phase-advanced in stepwise manner by 20 min every day under dim light conditions (23) . A facilitation of reentrainment of the circadian melatonin rhythm by physical exercise was also reported when a sleep schedule was phasedelayed under dim light conditions (3) . These previous findings suggested that physical exercise affected the human circadian pacemaker.
Physical exercise stimulates the sympathetic activity and thereby may enhance the nonphotic effect of a shift schedule (13) . In the present study, we examined whether or not timed physical exercise in the course of reentrainment to an 8-h phase-advanced sleep schedule facilitates the reentrainment of sleep-wake cycles under dim light conditions. For this purpose, we used a 4-day phase-shift schedule, because 4 days are not enough for the human sleep-wake cycle to accomplish the full reentrainment (12) . Here, we demonstrate that timed physical exercise facilitates reentrainment of the sleep-wake cycle independent of the circadian pacemaker and suggest that physical exercise also affects the free-run of the circadian pacemaker.
SUBJECTS AND METHODS

Subjects
Seventeen health and nonsmoking young males of 20 -24 years old participated in this study as paid volunteers. All subjects were not athletes specifically trained for competitive sports, but they did have a habit of light exercise, such as cycling, swimming, and jogging, once or twice a week for a few hours. They were nonobese (mean body mass index Ϯ SD: 20.6 Ϯ 2.1 kg/m 2 ) and in good physical condition. They did not have jobs in the early morning or late night and did not go abroad within 4 wk of the experiment. All subjects had no personal history of psychiatric, endocrine, or sleep disorders. The subjects gave written informed consent, which allowed them to withdraw from the experiment, whenever they requested. This study was approved by the ethical committee of Hokkaido University Graduate School of Medicine.
Temporal Isolation Facility
The experiment was carried out in a temporal isolation facility. A detailed description of the facility was reported elsewhere (15) . Briefly, the facility consists of four isolation rooms that are light-and sound-proof. Each room is equipped with a bed, desk, comfortable chair, compact disk player, kitchen, and bathroom. The main illumination is supplied from the ceiling by fluorescent tubes and controlled by the experimenter. Communication with the subject was performed by letter through the anteroom or by intercom. There was no indication of time in the room.
During the experiments, the light intensity in the waking period was fixed to less than 10 lux measured on the forehead of standing subject. There were accessory dim lights of less than 10 lux at bedside and bathroom. The main illumination and accessory lights were turned off during the sleeping period. The room temperature was kept in a narrow range (24 Ϯ 2°C).
Experimental Protocols
The subjects were instructed to keep a regular sleep schedule (0000 to 0800) and to record a sleep diary for 2 wk before the study. They carried a data collection device (Actiwatch; Minimitter, Bend, OR), which recorded wrist activity and light intensity. The recordings from this device were used to verify the subject's sleep and wakefulness.
One week before the study, the subjects stayed in the facility from 1700 to 1200 of the next day. They were asked to go to bed at 0000 and wake up at 0800. Serial blood sampling was performed at 2-h intervals from 1800 to 1000 to estimate the peak phase of plasma melatonin rhythm. In addition, all subjects performed the symptomlimited maximal exercise test from 1100 to 1200 to determine the individual exercise intensity.
In the present experiment, the 8-h sleep period on day 1 (baseline) was determined in such a way that the circadian melatonin peak should be located in the middle of sleep. As a result, the bedtime and wake-up time were different in each subject (2300 -0700 in three subjects, 0000 -0800 in nine subjects, and 0100 -0900 in five subjects). The time of day is standardized with respect to the melatonin rhythm, where the time of circadian melatonin peak was defined as zeitgeber time 20 (ZT20). Therefore, the wake-up time on the day 1 was ZT0, and the bedtime was ZT16, respectively.
The experimental protocol is illustrated in Fig. 1 . One night before the main experiment (prenight), the subjects were required to enter the facility at 1700. The rectal temperature and polysomnography (PSG) were measured. Sleep was permitted for 8 h, according to the individual sleep schedule. In the morning, the subjects left the facility and returned in the evening on the same day. The experiment started at 1800 on that day (defined as day 1). The first serial blood sampling was performed from 1800 on day 1 to 1800 on day 2 (baseline). On the night of day 2, the subjects were required to stay up for 32 h, and the bedtime was advanced by 8 h. This shift schedule was continued for 4 days. The subjects received a phone call 30 min before they retired for bed that indicated that they should prepare for sleep. A second call was given at bedtime to require the subjects to lie on the bed and turn off the accessory bed lamp. The subjects were awakened at the wake-up time by a morning call. In the event that they woke-up before a morning call, subjects were required to stay in bed with the lights off until the scheduled wake-up time. Napping was not allowed. Sleep PSG was recorded at the first (day 3), second (day 4), and third (day 5) nights of shift schedule. On the last day of shift schedule (day 6), the second serial blood sampling was performed from 1400 on day 6 to 1800 on day 7. Three meals were supplied at fixed times (1, 5, and 11 h after wake-up). They were required to take a shower 9 h after wake-up. From day 7, the subjects were released into free-run conditions for 6 days. During the free-run session, the times of going to bed and waking-up were decided by the subjects, and meals were supplied through a double-locked anteroom without announcement. A meal plate was placed in the refrigerator in the anteroom after the plate from the previous meal was returned. Sleep PSG was recorded on day 10 during sleep. The third blood sampling was performed from 1200 on day 11 to 1800 on day 12 (the last day of free-run).
Exercise and Control Conditions
To determine the intensity of exercise, the subjects performed a symptom-limited maximal exercise test. The test was carried out with a stationary cycle ergometer and followed by a standard ramp protocol. All subjects had an average exercise capacity with a heart rate (HR) of 135 Ϯ 5 beats/min (means Ϯ SD) at lactate threshold (LT) and 13 to 14 RPE (ratings of perceived exertion) (4). The subjects were randomly assigned to either the control (n ϭ 8) or the exercise (n ϭ 9) group. From day 2 to day 5, the exercise group performed interval exercise of 15-min run and 15-min rest for 2 h with a cycle ergometer. The control group sat on a chair during the same period as the exercise session. The first exercise session was started 3 h after wake-up, and the second was followed by 2 h after the first session (7 h after wake-up). The subjects were required to keep the 65-75% of their maximal HR (68.5 Ϯ 2.4%, means Ϯ SD). Thus, exercise intensity in the present study is regarded as a moderate to hard level of exercise (25) . The actual time of exercise of this level in 15 min was 13.7 Ϯ 1.1 min (means Ϯ SD) on average.
Measurements and Data Analyses
Plasma melatonin rhythm. Blood of ϳ3 ml was sampled at 1-h intervals through an indwelling intravenous catheter with a heparin lock placed in a forearm vein. After sampling, the blood was immediately centrifuged at 4°C, and the plasma was frozen in Ϫ40°C until the determination of melatonin by a double-antibody radioimmuno- assay (16) . The sensitivity of the assay was 1.56 pg/ml. The intraassay and interassay variances were 6.6 and 7.0%, respectively.
The peak phase of plasma melatonin rhythm was determined by a geometric method, as described previously (30) . The original melatonin rhythm was smoothed by a three-point moving average method. The difference between the maximum and minimum levels of the original melatonin rhythm was defined as the amplitude of rhythm.
Rectal temperature rhythm. Rectal temperature was measured continuously by a thermistor probe with a line and fed into a computer in the operation room every 30 s. The temperature data during exercise were excluded from the analysis of circadian rhythm.
The trough of rectal temperature was defined as the middle of two points where a line on the middle level between the maximum and minimum temperatures crossed the descending and ascending parts of temperature rhythms, as reported previously (9) . The phase shift of temperature rhythm was measured using the trough as the phase reference. The amplitude of rectal temperature rhythm was determined for each individual from day 1 to day 12, by calculating the difference between the maximum and minimum levels using the original data.
In addition, rectal temperature rhythm in individuals was expressed as a two-state rhythm like a sleep-wake cycle rhythm, as reported previously (23) . Rectal temperature was averaged at 10-min intervals and transformed into two states: a higher and lower temperature state, which were higher or lower than the mean of all records throughout the experiment (from 1800 on day 1 to 1800 on day 12).
Sleep-Wake Cycle
The sleep-wake cycle was recorded by three different methods; bed sensors (weight sensor and bed lamp), PSG, and wrist actograph. The subjects were instructed to use the bed only for sleep and to turn off the bed lamp when they went to bed and to turn on the bed lamp when awakened, respectively. These signals were continuously monitored and fed into a computer system. The wrist activity was recorded by the Actiwatch on the nondominant wrist every 1 min throughout the experiment. The data were expressed as a double-plotted actogram by using the Actiware Sleep 3.2 program used to verify the subject's sleep-wake cycles. One subject in the exercise group (E8) forgot to wear the Actiwatch for 16 h on the first day of free-run, and data during the sleep period were missed.
Sleep PSG
Sleep PSG, consisting of EEG, electrooculogram (EOG), and electromyogram (EMG), were recorded and stored in a computer with a resolution of 128 Hz. The sleep stages were visually scored in every 20-s epoch, according to the standard criteria (26) . Sleep parameters were computed from the sleep onset to the end of sleep. The sleep latency was defined as the time of stage 1 appearance, which was followed by stage 2. The total times were calculated from stage 1 and stage 2 (Stage 1ϩ2), slow-wave sleep (SWS), wakefulness after the sleep onset (WASO), and rapid eye movement (REM) sleep. The sleep period time (SPT) was defined as the time from the sleep onset to scheduled sleep end. The total sleep time (TST) was defined as the time subtracted from the total minutes of wakefulness from the SPT. The sleep efficiency was defined as the ratio of TST to SPT.
To investigate the effect of internal desynchronization on sleep quality, the correlations were analyzed between the sleep parameters and the extent of desynchronization, which was expressed as a phase angle between the sleep onset and the circadian melatonin peak.
Statistical analysis. The Friedman test was used for the analyses of intra-group differences in the circadian phase, amplitude, phase-angle difference, and sleep parameters among the experimental days. The Wilcoxon test was used for post hoc comparison, when a significant difference was observed by the Friedman test. The intergroup differences between the control and exercise group were evaluated with the Mann-Whitney U-test. The Pearson correlation test was used to reveal the correlation between the phase angle of sleep onset to melatonin peak and sleep parameters. The significance level was set at P Ͻ 0.05. All statistical analyses were performed with StatView software (version 5.0, SAS Institute, Cary, NC).
RESULTS
Figures 2 and 3 illustrate sleep-wake cycles, peak phases of plasma melatonin rhythm, and two state rhythms of rectal temperature in individual subjects. These rhythms were analyzed as described below. Table 1 and Fig. 4 indicate the mean and individual sleep onsets on the prenight (baseline), days 3, 4, and 5 (first, second, and third day of shift schedule), and days 7 and 10 (first and fifth day of free-run), which were determined by sleep PSG, except for the day 7 when the sleep onset was determined by the weight sensor of bed. The sleep onset on the baseline was located at ZT16.2 Ϯ 0.2 h in the control and ZT16.2 Ϯ 0.1 h in the exercise groups, which were not significantly different. The sleep onset during the shift schedule was significantly phase-advanced by about 8 h from the baseline in the two groups, which was not significantly different (Fig. 4 , Table 1 ). The sleep onset of exercise group on the first day of free-run was located at ZT11.6 Ϯ 3.3 h, significantly phase-advanced from the baseline (P ϭ 0.01), whereas that of the control group (ZT14.9 Ϯ 3.4 h) was not significantly phase-shifted from the baseline. The sleep onset of the exercise group was significantly phase-advanced from that of the control group (Fig. 4 , Table 1 ; P ϭ 0.04). The sleep onset in the 5th day of free-run was located at ZT 18.9 Ϯ 2.0 h in the control and ZT 15.3 Ϯ 2.8 h in the exercise group, respectively. There was a significant difference between the two groups (Fig. 4, Table 1 ; P ϭ 0.03). The sleep onset was also determined by wrist activity recordings. The results were essentially consistent with those by sleep PSG ( Table 1) .
Sleep-Wake Cycle
The sleep onsets determined by the different ways (sleep PSG, actograph, weight sensors in bed) were well correlated to each other on the 5th day of free-run; sleep PSG vs. wrist activity (r ϭ 0.99, P Ͻ 0.001), sleep PSG vs. weight sensors (r ϭ 0.97, P Ͻ 0.001) and wrist activity vs. weight sensor (r ϭ 0.97, P Ͻ0.001).
Plasma Melatonin Rhythm
The original data of plasma melatonin rhythms in each subject are illustrated in Fig. 5 . The mean peak phase with SD and amplitude of plasma melatonin rhythm are summarized in Table 2 .
On days 1 and 2 (baseline), the peak phases of plasma melatonin rhythms did not significantly differ between the control and exercise groups. The Friedman test revealed a significant change of the peak phase (control P Ͻ 0.01, exercise P ϭ 0.01) among the three experimental conditions in both groups. On the last day of shift schedule (days 6 and 7), the peak phases of both groups were significantly delayed from those at baseline, and there was no statistically significant difference between the control and exercise groups. Six days after the start of free-run (days 11 and 12) , the peak phases were significantly delayed from the last day of shift schedule in the control group (Table 2 ; P ϭ 0.05), whereas they were not shifted in the exercise group.
The amplitudes of plasma melatonin rhythm in the both groups were significantly changed among the three experimental conditions in both groups (control P Ͻ 0.01; exercise P Ͻ 0.01 by the Friedman test). The amplitude was significantly decreased on the last day of the phase-shift schedule. The decreased amplitude was recovered significantly on the last day of free-run but it still was significantly lower than at the baseline level (Table 2 ; control P ϭ 0.03; exercise P ϭ 0.02). The amplitude between the two groups was not significantly different among the three experimental conditions.
Rectal temperature rhythm. The rectal temperature rhythms in the control and exercise subjects were illustrated in Fig. 6, A and B, respectively. The data were expressed as the average differences with SD values between each 10-min value and the mean of all records throughout the experiment (from 1800 on day 1 to 1800 on day 12). As shown in the Fig. 6 , robust circadian rhythms were observed in rectal temperature throughout the experiment.
In both groups, the amplitude of temperature rhythm was significantly changed among the three experimental conditions ( Table 2 ; control P ϭ 0.03, exercise P Ͻ 0.01). The amplitudes during the shift schedule were significantly decreased from the baseline in the both groups and returned to the baseline level in the control and beyond it in the exercise group during the free-run session.
Phase Angle Between Sleep Onset and Peak Phase of Plasma Melatonin Rhythm
The phase angle between the sleep onset and circadian melatonin peak on the baseline was 3.1 Ϯ 1.0 h in the control and 3.1 Ϯ 0.6 h in the exercise group, respectively. On the first day of free-run, the phase angle was 6.2 Ϯ 4.7 h in the control group, which did not differ from baseline. In contrast, the phase angle in the exercise group was 8.8 Ϯ 3.3 h, which was significantly different from baseline (P ϭ 0.01). On the last day of free-run, the phase angle was 3.7 Ϯ 1.9 h in the control and 5.4 Ϯ 2.6 h in the exercise groups, which was not significantly different from their respective baselines. Figure 8 illustrates the relationship between the phase shifts of the sleep-wake cycle and the phase angle. The direction and amount of phase shifts of sleep-wake cycles were dependent on the phase angle one cycle before the phase shift (control r ϭ Fig. 2 . The two state expression of rectal temperature rhythm, the peak phases of plasma melatonin rhythm, and sleep episodes in the control subjects. Black horizontal bars indicate the sleep periods. Open circles indicate the peak phase of plasma melatonin rhythms measured on the baseline, the last day of shift schedule, and the last day of free-run, respectively. The two-state rectal temperature rhythm is expressed in a raster plot, and the shaded area indicates the lower temperature state, which were lower than the mean of all records throughout the experiment.
Ϫ0.60, P Ͻ 0.01; exercise r ϭ Ϫ0.70, P Ͻ 0.01). When the sleep onset was ahead of the melatonin peak by several hours, it showed phase-delay shift. On the other hand, when the sleep onset was behind the melatonin peak, it showed phase-advance shift. When the sleep onset was located at 2-6 h ahead of the melatonin peak (habitual phase angle), it showed no phase shift. The phase-response property was not different between the exercise and control groups. Values are expressed as the mean Ϯ SD. The sleep onsets are expressed as zeitgeber time (ZT; ZT 0 ϭ the time of light-on the baseline day). The sleep onset was determined by PSG test, except for on day 7, which was determined by bed lamp and weight sensors. Data in parenthesis indicate the sleep onset calculated from the Actigram. On day 7, the actigraph data in one exercise subject was missed, therefore, the means Ϯ SD were calcurated from 8 subjects. *P Ͻ 0.05 vs. prenight; †P Ͻ 0.05 vs. day 7; ‡P Ͻ 0.05 vs. control; §P Х 0.05 vs. control. Table 3 demonstrates the sleep parameters expressed as means and SD on the prenight (baseline), the first and third day of shift schedule (days 3 and 5), and the fifth day of free-run (day 10). The Friedman test revealed significant changes throughout the experimental days for the amount of WASO, TST, and sleep efficiency in the control group. The amount of WASO was significantly increased, and the TST and sleep efficiency were significantly decreased on day 5 from those at baseline and day 3. The decreased TST and sleep efficiency on day 5 were significantly higher than those on day 10.
Sleep Parameters
On the other hand, the significant change was found in the amount of all parameters (sleep latency, SWS, Stage 1ϩ2, REM, WASO, TST, sleep efficiency) in the exercise group. The sleep latency on day 3 was significantly shortened from those on other examination days. The total time of SWS on day 3 was significantly larger than those on day 5 and day 10. The total times of Stage 1ϩ2 on day 3 and day 5 were significantly decreased from those on the baseline and were significantly increased again on day 10. The total time of REM sleep on day 10 was significantly increased from that on the baseline. There was no statistically significant difference in any sleep parameters between the control and exercise groups throughout the experiment.
Internal Desynchronization and Sleep Quality
The Pearson correlation test revealed a significant positive correlation between the phase angle of sleep onset to the melatonin peak and WASO (r ϭ 0.50, P Ͻ 0.05 in the control group; r ϭ 0.61, P Ͻ 0.01 in exercise group), and a significant negative correlation between the phase angle and sleep efficiency (r ϭ Ϫ0.55, P Ͻ 0.01 in the control group; r ϭ Ϫ0.66, P Ͻ 0.001 in exercise group) in both groups. Also, a significant negative correlation was found between the phase angle and Stage 1ϩ2 (r ϭ Ϫ0.62, P Ͻ 0.01; Fig. 7A ), REM sleep (r ϭ Ϫ0.49, P Ͻ 0.05; Fig. 7C ) and TST (r ϭ Ϫ0.50, P Ͻ 0.05; Fig.  7D ) in the control group. On the other hand, physical exercise cancelled out the correlation of the phase angle to REM sleep, Stage 1ϩ2, and TST. The effect of phase angle on the duration of SWS was not found in either group (r ϭ 0.22, P ϭ 0.30 in the control group; r ϭ Ϫ0.16, P ϭ 0.43 in exercise group: Fig. 7B) .
DISCUSSION
In the present study, physical exercise was demonstrated to accelerate the reentrainment of the human sleep-wake cycle to an 8-h phase-advanced schedule under dim light conditions. The onset of spontaneous sleep on the first day of free-run session was significantly phase-advanced from the baseline in the exercise group, while it was not different from the baseline in the control (Table 1, Fig. 4 ). The sleep onset was also significantly different between them, which was maintained on the last day of free-run. During the phase-shift schedule, sleep started from the onset of a sleeping period (ZT8) with or without physical exercise. However, this was probably a masking effect of the shift schedule, because the backward extrapolation of sleep onsets in the free-run session indicates that the onset of sleep-wake cycle on the last day of shift schedule was estimated to be located at ZT 11.3 Ϯ 3.3 h (means Ϯ SD) in the exercise group and ZT 14.7 Ϯ 3.0 h in the control group, respectively. The sleep-wake cycles in both groups do not seem fully entrained by the shift schedule. On the other hand, the circadian melatonin peak on the last day of the shift schedule was significantly phasedelayed in both groups by similar amounts ( Table 2 ), indicating that the circadian pacemaker was not much affected either by shift schedule or by exercise under these conditions.
The present findings confirmed the previous reports by Hashimoto et al. (11) that the sleep-wake cycle in humans entrained to the 8-h phase-advanced schedule independent of the circadian rhythms in plasma melatonin and rectal temperature, and more than 4 days were necessary for full reentrainment (12) . The so-called partial entrainment is another type of internal desynchronization and regarded as an indication of an existence of different oscillatory mechanisms (1, 32). To our Values are expressed as means Ϯ SD. For plasma melatonin, the peak phase and amplitude of plasma melatonin rhythms were measured on the baseline, the last day of shift schedule, and the last day of free-run. For core body temperature, the trough phase and the amplitude were determined on the baseline, shift schedule, and free-run. *P Ͻ 0. knowledge, the present and previous studies are the only ones to indicate the real partial entrainment in the human circadian rhythm in which possible masking effects were excluded. This finding may give new insight into the functional structure of human circadian system. It is interesting to note that physical exercise accelerated entrainment of the sleep-wake cycle (Table 1) but not the circadian rhythms in plasma melatonin and rectal temperature ( Table 2 ). The melatonin peak was significantly phase-delayed on the last day of shift schedule in both groups, but there was no significant difference between them. On the other hand, the melatonin peak in the free-run session was further phase-delayed in the control group, whereas it was not shifted further in the exercise. Similar findings were obtained in the circadian temperature trough. On careful inspection, the circadian peak or trough was much phase-delayed in the control group than in the exercise on the last day of shift schedule, although they are not statistically significant. If this is confirmed by a study with a much larger number of subjects, we can also conclude that physical exercise affects the circadian pacemaker and prevents the phase-delay shifts.
The mechanism for differential acceleration of entrainment by physical exercise is not known. Internal desynchronization is known to deteriorate the sleep quality (7) . The extent of internal desynchronization is expressed by the phase angle between the sleep onset and circadian melatonin peak. In the present study, the phase angle correlated negatively with the durations of Stage 1ϩ2, REM sleep, and TST. Physical exercise not only accelerated the entrainment of sleep-wake cycle but also canceled the correlation between the phase angle and sleep parameters (Fig. 7) . These findings suggest that physical exercise enhanced sleep quality independent of the circadian rhythms (34) . On the other hand, physical exercise was reported to enhance alertness (29) . Enhanced sleep quality and daytime alertness by physical exercise could be a factor responsible for the differential acceleration of entrainment of the sleep-wake cycle.
Physical exercise failed to entrain the circadian rhythms in plasma melatonin and rectal temperature but decelerated or prevented the free-run (phase-delay shift) in the free-run session ( Table 2 ). Timed physical exercise has been demonstrated to make phase shifts of the circadian rhythms in plasma melatonin (3, 5, 6, 23, 31) . A single trial of physical exercise was reported to cause a phase-delay shift when performed at midnight (5, 6, 31) and phase-advance shifted in the early evening (6) . In the present study, physical exercise was performed in the early to middle subjective night, which was the time zone at which phase-delay shift, not phase-advance shift, was expected, according to the above-mentioned studies. Therefore, the decelerating effect of physical exercise on the free-run is unlikely due to its direct effect on the circadian pacemaker. In other studies, a single trial of physical exercise was shown to exert a very small effect or no effect on the circadian pacemaker (8, 23) . On the other hand, repeated physical exercise was shown to affect the circadian melatonin rhythm (3, 23) . Miyazaki et al. (23) demonstrated the acceleration of reentrainment in the phaseadvance protocol, and Barger et al. (3) reported the acceleration in the phase-delay schedule. Therefore, effects of repeated physical exercise on the circadian pacemaker seem different from a single trial of exercise. The decelerating effect of exercise on the circadian melatonin peak in the present study could be explained, alternatively, in such a way that the phase-advanced sleep-wake cycle decelerated the free-run of circadian rhythm in the exercise group. An interaction between the sleep-wake cycle and circadian rhythm has been demonstrated (11) and was confirmed in the present study (Fig. 8) . The free-run of the circadian pacemaker was decelerated or anchored by the interacting force of the sleep-wake cycle, which was phase-advanced by physical exercise.
The intensity of mutual interaction or coupling was suggested to depend on the phase angle between the sleep-wake cycle and circadian rhythm in plasma melatonin (11) , which was confirmed in the present study (Fig. 8) . In the free-run session, two desynchronized rhythms became resynchronized with a transient period. In the process of resynchronization, the sleep-wake cycle showed a phase shift, the amount and direction of which depended on the phase angle of two rhythms one cycle before the phase shift. When the sleep onset was ahead of the circadian melatonin peak, it showed a phase-delay shift, whereas when the sleep onset was behind the melatonin peak, it showed a phase-advance shift. The phase dependency was not changed by physical exercise (Fig. 8) . The decelerating effect of sleep-wake cycle on the melatonin peak suggests that the coupling is bidirectional, if the above interpretation is correct. A phase dynamic model assuming a mutual coupling between the sleep-wake cycle and the circadian pacemaker successfully simulated the experimental results (24) . The amplitudes of the circadian melatonin and core body temperature rhythms were significantly decreased on the last day of the phase-shift schedule, while the decreased amplitudes increased again up to or beyond the basal level on the last day of free-run ( Table 2 ). The decrease in amplitude was mainly due to a decreased circadian peak in the melatonin rhythm and an elevated trough in the temperature rhythm (Figs. 4 and 5) . The decreased amplitude of melatonin rhythm may partly be due to an exposure to dim light (22) . However, the amplitude reduction was reported to be associated with the internal desynchronization from the sleep-wake cycle (20) . Without internal desynchronization, the amplitude of plasma melatonin rhythm was not decreased under similar dim light conditions (30) . On the other hand, the elevated trough of temperature rhythm could be due to the masking effect of forced waking (10) or decreased plasma melatonin level (18), or to both. However, the elevated trough in the temperature rhythm could also be caused, at least in part, by internal desynchronization. On the last day of free-run, the low decreased amplitude was Fig. 7 . Correlation between the phase angle and sleep parameters. Individual values of the duration of Stage1ϩ2 (A), slow-wave sleep (SWS) (B), rapid eye movement (REM) sleep (C) and total sleep time (D) are plotted against the phase angle between the sleep onset and estimated circadian melatonin peak on the baseline (circles), 3rd day of shifted schedule (triangles), and 5th day of free-run (squares), respectively. Open and closed symbols indicate the control and exercise group subjects, respectively. Solid and dotted lines indicate regression lines fitted to the data from the control and exercise subjects. Fig. 8 . Phase-dependent phase shifts of the sleep onset in the course of resynchronization derived from nine subjects in the exercise group (closed circles) and eight subjects in the control group (open circles). Daily phase shifts of the sleep onset were plotted against the phase angle between the sleep onset and the circadian melatonin peak one cycle before the day of phase shift. Positive and negative signs on the ordinate indicate the phase-advance and phase-delay shift in the sleep onset, respectively. Positive and negative signs in the abscissa indicate the sleep onset located ahead of the circadian melatonin peak (positive psi) and behind the melatonin peak (negative psi).
significantly increased in the control group, whereas it remained in the low level in the exercise group, in which the internal synchronization seemed to be much disrupted.
In conclusion, a 4-day physical exercise protocol in the early and middle waking period of an 8-h phase-advance schedule accelerates the reentrainment of sleep-wake cycle but not of the circadian pacemaker in humans under the dim light conditions. However, the phase, as well as the amplitude of circadian rhythms in the succeeding free-run session, were significantly affected by physical exercise, which could be interpreted in terms of disrupted internal synchronization between the two rhythms. The present findings support the hypothesis of partial entrainment by nonphotic time cues and of dual oscillator system in the human circadian system.
Perspectives and Significance
The present findings suggest that physical exercise facilitates reentrainment of sleep-wake cycle to phase-advanced sleep schedules, and improves sleep quality. These findings support a general belief that physical exercise is beneficial to shift workers, transmeridian air travelers, and patients with circadian rhythm disorders. We don't know yet the mechanism by which physical exercise affects the human sleep-wake cycle and sleep quality. Physical exercise is known to elicit various physiological changes, which seems to depend on the time of day. Further studies are required to understand the responsible factor associated with physical exercise.
